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We study the effects of dimension-8 operators on Drell-Yan production of lepton pairs at the Large
Hadron Collider (LHC). We identify a class of operators that leads to novel angular dependence not
accounted for in current analyses. The observation of such effects would be a smoking-gun signature
of new physics appearing at the dimension-8 level. We propose an extension of the currently used
angular basis and show that these effects should be observable in future LHC analyses for realistic
values of the associated dimension-8 Wilson coefficients.
INTRODUCTION
The Standard Model (SM) has so far been remarkably
successful in describing all data coming from the Large
Hadron Collider (LHC) and elsewhere. Although the
search for new particles beyond those predicted in the SM
will continue at the high-luminosity LHC, it is becom-
ing increasingly important to search for potentially small
and subtle indirect signatures of new physics. A conve-
nient theoretical framework for performing such searches
when only the SM particles are known is the SM effective
field theory (SMEFT) which contains higher-dimensional
operators formed only from SM fields. The SMEFT is
an expansion in an energy scale Λ at which the effec-
tive theory breaks down and new fields must be added
to the Lagrangian. The leading dimension-6 operators
characterizing deviations from the SM have been classi-
fied [1, 2] (there is a dimension-5 operator that violates
lepton number [3], which does not play a role in our dis-
cussion).
Less is known about terms at dimension-8 and beyond
in the SMEFT expansion. The number of operators at
each order in the expansion has been determined [4], and
initial ideas on how to systematically derive the struc-
ture of these operators have appeared [5]. Some phe-
nomenological consequences of dimension-8 operators in
the SMEFT have been studied [5, 6]. Although their ef-
fects are usually suppressed with respect to dimension-6
operators, dimension-8 terms are sometimes the leading
contributions to observables due to symmetry consider-
ations or the structure of the corresponding SM ampli-
tudes [7]. In such cases it is important to quantify their
effects in order to guide experimental searches.
In this note we point out that a class of dimension-8
operators in the SMEFT generate novel angular depen-
dences in Drell-Yan lepton-pair production not accounted
for in current experimental analyses [8–11]. They are not
generated at leading-order by dimension-6 operators in
the SMEFT, nor by QCD effects in the SM. They are
only generated in the SM by higher-order electroweak
corrections, which we demonstrate here to be small. This
offers the possibility of extending the current experimen-
tal studies to search for this potential smoking-gun sig-
nature of new physics appearing through dimension-8 ef-
fects. We note that such dimension-8 operators could be
generated in an ultraviolet completion by vector lepto-
quarks, which would also induce dimension-6 effects [12].
They could also be generated without dimension-6 con-
tributions by massive spin-two particles [13].
The typical angular analysis of lepton-pair production
through either charged or neutral currents proceeds by
expanding the differential cross section in terms of spher-
ical harmonics:
dσ
dm2lldydΩl
=
3
16pi
dσ
dm2lldy
{
(1 + c2θ) +
A0
2
(1− 3c2θ)
+A1s2θcφ +
A2
2
s2θc2φ +A3sθcφ +A4cθ
+A5s
2
θs2φ +A6s2θsφ +A7sθsφ
}
. (1)
Here, mll is the invariant mass of the lepton system, y is
the rapidity of the W or Z-boson that produces the lep-
ton pair, and Ωl is the solid angle of a final-state lepton.
The lepton angles are typically defined in the Collins-
Soper frame [14] and we have used the notation sα and
cα to represent their sine and cosine, respectively. In the
SM, the leptons are produced by an s-channel spin-one
current, so in the squared amplitude spherical harmon-
ics up to l = 2 are allowed. We show that certain two-
derivative dimension-8 operators in the SMEFT populate
the l = 2 partial wave at the amplitude level, allowing
for l = 3 spherical harmonics in the angular expansion
when interfered with the SM amplitude. Dimension-6
operators cannot generate l = 2 partial waves at the am-
plitude level, making their appearance a hallmark of the
dimension-8 SMEFT. Searching for such effects requires
extending the usual angular analysis as we demonstrate
later in Eq. (18).
Our paper is organized as follows. We first review the
operator basis for SMEFT, focusing on operators relevant
for lepton pair production at dimension-6 and dimension-
8. We consider operators relevant for both leading-order
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2(LO) and next-to-leading-order (NLO) in the QCD cou-
pling constant. We then present formulae for LO pro-
duction and demonstrate the need to expand the usual
spherical harmonic basis. Finally, we present numerical
results for neutral-current production at the LHC, where
we also show that the predicted SM results for these an-
gular dependences arising from higher-order electroweak
corrections are small.
REVIEW OF THE SMEFT
We review in this section aspects of the SMEFT rele-
vant for our analysis of the angular dependence of lepton-
pair production. The SMEFT is an extension of the SM
Lagrangian to include terms suppressed by an energy
scale Λ at which the ultraviolet completion becomes im-
portant. Truncating the expansion in 1/Λ at dimension-
8, and ignoring operators of odd-dimension which violate
lepton number, we have
L = LSM + 1
Λ2
∑
i
C6,iO6,i +
1
Λ4
∑
i
C8,iO8,i. (2)
Operators of dimension-6 have been extensively studied
in the literature [15–21]. The overall electroweak cou-
plings that govern lepton-pair production are shifted in
SMEFT. Since these clearly lead to only an overall shift
of the couplings and not to any new angular terms we
do not explicitly consider them here. In addition, Drell-
Yan lepton-pair production receives contributions from
several classes of dimension-6 operators that affect an-
gular distributions. Two types of operators have non-
vanishing interference with the SM, and lead to genuine
dimension-6 effects in the cross sections. In the notation
of Ref. [2, 22], these belong to the classes
• ψ2ϕ2D: these include operators with a single
derivative and a fermion bilinear of the form
O6,ϕe = (ϕ†i←→D µϕ)(e¯γµe), (3)
where ϕ denotes the Higgs doublet, e a right-
handed lepton singlet, Dµ a covariant derivative,
and
←→
D µ =
−→
Dµ −←−Dµ. Operators of this form sim-
ply shift the SM coupling of the fermions to gauge
bosons. In charged-current processes, these interac-
tions involve purely left-handed quarks and leptons
and lead to exactly the same angular dependence
as in the SM. For neutral currents, operators in this
class might shift the relative importance of left- and
right-handed couplings with respect to the SM, and
could manifest themselves in high-precision mea-
surements of angular coefficients such as A4.
• ψ4: four-fermion operators with the same chiral
structure as the SM, such as
O6,eu = (e¯γµe)(u¯γµu), (4)
where u denotes a right-handed up-quark field.
These operators have been extensively studied. It is
straightforward to see that these produce the same
lepton angular dependences as in the SM, as they
can be obtained by integrating out new spin-one
W ′ or Z ′ gauge bosons.
In addition, the dimension-6 SMEFT Lagrangian con-
tains several more operators that do not interfere with
the SM, and thus contribute to the cross section at
O(v4/Λ4). They belong to the following classes.
• ψ2Xϕ: these include dipole operators coupled to
gauge fields such as
O6,eW = (l¯σµνe)τ IϕW Iµν , (5)
where l denotes a left-handed lepton doublet and
τ I an SU(2) Pauli matrix, and similar operators
involving quarks and the U(1)Y gauge boson.
• ψ2ϕ2D: in addition to the operators considered be-
fore, one can introduce the right-handed charged-
current operator
O6,ϕud = (ϕ˜†iDµϕ)(u¯γµd) + h.c., (6)
where u and d are right-handed quark fields.
• ψ4: four-fermion operators with chiral structure
different from the SM, such as the scalar operator
O6,ledq = l¯ie d¯qi, (7)
where q is a left-handed quark doublet.
As discussed in Ref. [19], these operators can induce
dramatic deviations from the SM expectations in the Ai
coefficients, especially at large dilepton invariant masses.
However, they do not generate any new angular depen-
dence and their effect is fully captured by Eq. (1). This
statement remains true upon including QCD corrections,
since these diagrammatic contributions feature a gluon
connecting the two initial-state quarks and do not affect
the spin-one (or spin-zero) current that produces the lep-
ton pair. Only an electroweak correction where a gauge
boson connects an initial-state quark to a final-state lep-
ton can populate a l > 1 partial wave. We discuss this
possibility in the case of the higher-order SM corrections
later in this note.
At dimension-8 a larger variety of operator classes can
contribute. We use the HSMethod code [4] to obtain the
correct number of operators with a given field content.
We note that many of the operators relevant to our study
were previously considered in Ref. [5]. We have confirmed
the number and structure of the operators found there.
• ψ2ϕ4D: this category has been studied in Ref. [5]
and contains operators such as
O8,q1 = i(q¯γµq)(ϕ†←→D µϕ)(ϕ†ϕ). (8)
3These clearly lead to shifts in the fermion-gauge bo-
son vertices and no new kinematic effects, as con-
firmed by explicit calculation in Ref. [5].
• ψ2ϕ2D3: these include operators of the form
O8,3q1 = i(q¯γµDνq)(D2(µν)ϕ†ϕ). (9)
These only shift the fermion-gauge boson vertices,
as confirmed in Ref. [5].
• ψ4ϕ2: these include four-fermion operators such as
O8,eu = (e¯γµe)(u¯γµu)(ϕ†ϕ). (10)
These clearly shift the dimension-6 couplings lead-
ing to the same angular dependence as before.
The remaining operators relevant for lepton-pair
production can be obtained by considering both
fermion doublets and singlets, and by judicious in-
sertions of the Pauli matrices τ I .
• ψ4D2: we begin by considering operators with left-
handed fermion doublets only. There are four such
operators, which we write in the following way:
O8,lq∂1 = (l¯γµl)∂2(q¯γµq),
O8,lq∂2 = (l¯τ Iγµl)∂2(q¯τ Iγµq),
O8,lq∂3 = (l¯γµ←→D ν l)(q¯γµ←→D νq),
O8,lq∂4 = (l¯τ Iγµ←→D ν l)(q¯τ Iγµ←→D νq). (11)
The operators O8,lq∂1 and O8,lq∂2 lead only to an
energy-dependent shift of the dimension-6 four-
fermion couplings. This is clear from their form
and can also be confirmed by explicit calculation.
The remaining two operators are more interesting.
Considering the lepton bilinears present in O8,lq∂3
and O8,lq∂4, we see that they each contain two
free Lorentz indices µ and ν. This implies that
they can couple to a spin-two current, which can
be represented as a two-index polarization tensor
µν . The amplitude therefore contains a new l = 2
partial wave not present in previous contributions.
We confirm this later by explicit calculation. For
charged-current production only O8,lq∂4 would con-
tribute.
We now extend our basis of operators to include
right-handed fermion fields as well, and focus on
operators containing the γν
←→
D µ structure necessary
for the angular dependence of interest. We find an
additional five operators:
O8,ed∂2 = (e¯γµ←→D νe)(d¯γµ←→D νd),
O8,eu∂2 = (e¯γµ←→D νe)(u¯γµ←→D νu),
O8,ld∂2 = (l¯γµ←→D ν l)(d¯γµ←→D νd),
O8,lu∂2 = (l¯γµ←→D ν l)(u¯γµ←→D νu),
O8,qe∂2 = (e¯γµ←→D νe)(q¯γµ←→D νq). (12)
We arrive at the following seven operators that
can contribute to l = 2 partial waves for
the neutral-current amplitude: O8,lq∂3, O8,lq∂4,
O8,eu∂2, O8,ed∂2, O8,lu∂2, O8,ld∂2 and O8,qe∂2.
We next discuss the dimension-8 operators containing
gluons that can contribute to Drell-Yan lepton-pair pro-
duction at NLO in the QCD coupling constant. As we
find that none of these operators contribute to the angu-
lar dependence that is the major point of this note, we
discuss them briefly for left-handed doublets only.
• ψ4G: there are four such operators that contribute
at dimension-8 for left-handed fermion fields. We
list the two distinct operator structures that ap-
pear below, the remaining two can be obtained by
changing the gluon field-strength tensor to the dual
one:
O8,lqG1 = (l¯γµl)(q¯tAγνq)GAµν ,
O8,lqG2 = (l¯τ Iγµl)(q¯τ ItAγνq)GAµν . (13)
The lepton bilinears in these operators couple to a
spin-one current, indicating that they lead to the
usual angular dependence found in the SM. We
have confirmed this by explicit calculation.
• ψ2ϕ2DG: these are corrections to the quark bi-
linear that also contain a gluon field. Specializ-
ing to left-handed quarks we find eight such oper-
ators. We list the four distinct operator structures
that appear, the remaining four can be obtained by
changing the gluon field-strength tensor to the dual
one:
O8,qG1 = (q¯tAγνq)∂µ(ϕ†ϕ)GAµν ,
O8,qG2 = (q¯tAγνq)(ϕ†i←→D µϕ)GAµν ,
O8,qG3 = (q¯τ ItAγνq)Dµ(ϕ†τ Iϕ)GAµν ,
O8,qG4 = (q¯τ ItAγνq)(ϕ†τ I i←→D µϕ)GAµν . (14)
The operator O8,qG1 requires a physical Higgs bo-
son and therefore does not contribute to dilepton
production. We have checked by explicit calcula-
tion that O8,qG3 contributes in the same way as
operators in the ψ2ϕ2D3 category, while O8,qG2
and O8,qG4 give similar contributions as O8,lqG1
and O8,lqG2. None of these operators introduces
novel angular dependence.
• ψ2DXG: these induce local interactions between
two quarks, a weak boson and a gluon. We find
eight operators with left-handed quarks that con-
tribute to Drell-Yan at NLO. We list the two dis-
tinct operator structures that appear, the remain-
ing can be obtained by changing the gluon field-
strength tensor to the dual one, and by replacing
4the SU(2)L with the U(1)Y field strength.
O8,qWG1 =
(
q¯tAτ Iγ(µi
←→
D ν))q
)
W IµρG
Aρ
ν ,
O8,qWG2 =
(
q¯tAτ Iγµq
) (
W Iαβ
←→
D µG
Aαβ
)
. (15)
Here γ(µ
←→
D ν) = (γµ
←→
D ν + γν
←→
D µ)/2. In this case,
the leptons arise from the decay of a spin-one weak
boson, and thus the angular distributions are de-
scribed by Eq. (1). We have verified this by an
explicit calculation.
ANGULAR DEPENDENCE WITH DIMENSION-8
EFFECTS
It is straightforward to calculate the matrix elements
for the LO partonic process u(p1)u¯(p2) → l(p3)l¯(p4)
given the operators in the previous section. We focus
on O8,lq∂3 in Eq. (11) as an example. Keeping only the
leading interference of this operator with the SM contri-
bution, we find the following SMEFT-induced correction
to the matrix-element squared:
∆|Muu¯|2 = −C8,lq∂3
Λ4
cˆθ(1 + cˆθ)
2 sˆ
2
6
×[
e2QuQe +
g2guLg
e
Lsˆ
c2W (sˆ−M2Z)
]
. (16)
Here, sˆ denotes the usual partonic Mandelstam invariant
sˆ = (p1 + p2)
2, g is the SU(2) coupling constant, cW is
the cosine of the weak mixing angle, e is the U(1)EM
coupling constant, Qi is the charge of fermion i, g
i
L are
the left-handed couplings to the Z-boson following the
notation of Ref. [23]. C8,lq∂3 is the Wilson coefficient as-
sociated with the operator under consideration, and cˆθ is
the angle between the beam direction and the outgoing
lepton direction. At LO, the cosine of the polar angle cθ
in the Collins-Soper frame used in the LHC analyses of
Refs. [10, 11] is related to cˆθ by cθ = ±cˆθ, with posi-
tive (negative) sign if the longitudinal momentum of the
dilepton pair is along (opposite) to the beam direction.
We note that the amplitude for u¯(p1)u(p2) → l(p3)l¯(p4)
can be obtained by taking cˆθ → −cˆθ. The down-quark
channel can be obtained by appropriate changes in the
SM couplings.
This contribution to the differential cross section con-
tains a c3θ dependence that cannot be described by
Eq. (1). The reason for this was given in the previous
section when discussing the operators of Eq. (11): the
traditional formulation of the Collins-Soper moments as-
sumes that the lepton pair is produced in the s-channel
by a spin-one current, which is not the case for O8,lq∂3.
Only the seven dimension-8 operators in the ψ4D2 cate-
gory identified in the previous section lead to an angular
dependence not already described by Eq. (1).
In order to account for this new signature of dimension-
8 effects we propose extending the parameterization of
Eq. (1) to the following:
dσ
dm2lldydΩl
=
3
16pi
dσ
dm2lldy
{
(1 + c2θ) +
A0
2
(1− 3c2θ)
+A1s2θcφ +
A2
2
s2θc2φ +A3sθcφ +A4cθ
+A5s
2
θs2φ +A6s2θsφ +A7sθsφ
+Be3s
3
θcφ +B
o
3s
3
θsφ +B
e
2s
2
θcθc2φ
+Bo2s
2
θcθs2φ +
Be1
2
sθ(5c
2
θ − 1)cφ (17)
+
Bo1
2
sθ(5c
2
θ − 1)sφ +
B0
2
(5c3θ − 3cθ)
}
.
We have used the combinations of spherical harmonics
Y 03 , Y
1
3 ± Y −13 , Y 23 ± Y −23 , Y 33 ± Y −33 . (18)
in forming the basis for the new Be,oi coefficients. The
superscripts e, o on the new Bi coefficients refer to ei-
ther even or odd under T-reversal [24]. The amplitude
of Eq. (16) populates the B0 coefficient. The B
o,e
i coeffi-
cients with i > 0 are first populated at O(αs).
NUMERICAL RESULTS
We present here numerical results for neutral-current
lepton-pair production at the LHC to assess the poten-
tial observation of these effects. We assume
√
s = 14
TeV collisions. Our hadronic results use the NNPDF
3.1 parton distribution functions extracted to NLO preci-
sion [25], and assume an on-shell electroweak scheme with
Gµ, MW , and MZ taken as input parameters. Since we
are interested in higher-dimensional operators that grow
with energy we impose the following cut on the invariant
mass of the final-state system: mll > 100 GeV. Only B0
is generated at this leading order in QCD perturbation
theory, so we focus on this coefficient here. We set the
renormalization and factorization scales to µ = mll.
As mentioned earlier, while the Bi are not gener-
ated in the SM from perturbative QCD corrections,
they can be obtained from higher-order electroweak ef-
fects. The leading contributions to the B0 coefficient
are the angular-dependent next-to-leading logarithmic
(NLL) electroweak Sudakov logarithms (the higher Bi co-
efficients require a mixed O(ααs) perturbative correction
which we do not consider). The leading logarithms de-
pend only on the Mandelstam invariant sˆ, and therefore
do not induce any Bi coefficients. We study the leading
one-loop NLL electroweak Sudakov logarithms in the SM
using the results of Ref. [26].
We show in Figs. 1 numerical results for B0 as a func-
tion of the invariant mass mll for the seven contributing
operators. We set Λ = 2 TeV and each Wilson coeffi-
cient separately to Ci = 1 while setting the others to
5100 200 300 400 500 600 700 800 900 1000
mll [GeV]
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Figure 1: B0 coefficient as a function of the dilepton invariant
mass.
zero to obtain these seven curves. Although the allowed
values of these coefficients have not been determined, the
value of the energy scale Λ = 2 TeV suggested by this
choice is consistent with values allowed for dimension-6
four-fermion operators found in global fits [27]. We stop
our plots at mll = 1 TeV to have a convergent EFT ex-
pansion. The error bars denote the estimated statistical
errors for 300 fb−1 of integrated luminosity. We see from
Fig. 1 that searches for the B0 coefficient are promis-
ing. A non-vanishing Wilson coefficient could be visible
above the statistical errors, while the SM contribution
is small and grows only logarithmically as opposed to
polynomially like the SMEFT effect. We have verified
that the operator O8,lq∂4 induces similarly large effects
in charged-current Drell-Yan.
The results in Fig. 1 have been obtained without ap-
plying selection cuts on the final-state leptons. Cuts on
the individual lepton transverse momenta and rapidities
distort the shapes of the θ and φ distributions, so that
they cannot be described in terms of Eqs. (1) or (18).
In standard analyses of the Ai coefficients, the issue is
addressed by generating templates for the polynomials
in cθ, sθ, cφ, sφ appearing in Eq. (1) [10, 11]. A similar
strategy generalized to include the third-order polynomi-
als in Eq. (18) must be pursued to obtain the Bi in the
presence of lepton cuts.
CONCLUSIONS
In this note we have studied the effects of dimension-8
operators in the SMEFT on Drell-Yan lepton-pair pro-
duction at the LHC. We have tabulated all operators
that can contribute to this process at both LO and NLO
in the QCD coupling constant. A new angular depen-
dence appears associated with a class of two-derivative
dimension-8 operators that is not accounted for in cur-
rent studies. Due to its angular-momentum structure it
does not appear in the SM nor in the dimension-6 trun-
cation of the SMEFT to any order in the QCD pertur-
bative expansion. It can only be generated at higher
orders by diagrammatic contributions that connect the
initial-state partons with the final-state leptons, such
as electroweak corrections. We have shown here that
these effects are small in the SM. To capture these new
dimension-8 SMEFT effects we have proposed an exten-
sion of the usual angular basis used when analyzing lep-
ton pair production. We have demonstrated that for al-
lowed values of the dimension-8 Wilson coefficients that
these effects would be visible at the LHC over statisti-
cal errors. We urge the experimental collaborations to
revisit this analysis in order to search for this clean and
new signature of dimension-8 new physics.
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